Polymer and life science applications of a technique that combines atomic force microscopy (AFM) and infrared (IR) spectroscopy to obtain nanoscale IR spectra and images are reviewed. The AFM-IR spectra generated from this technique contain the same information with respect to molecular structure as conventional IR spectroscopy measurements, allowing significant leverage of existing expertise in IR spectroscopy. The AFM-IR technique can be used to acquire IR absorption spectra and absorption images with spatial resolution on the 50 to 100 nm scale, versus the scale of many micrometers or more for conventional IR spectroscopy. In the life sciences, experiments have demonstrated the capacity to perform chemical spectroscopy at the sub-cellular level. Specifically, the AFM-IR technique provides a label-free method for mapping IR-absorbing species in biological materials. On the polymer side, AFM-IR was used to map the IR absorption properties of polymer blends, multilayer films, thin films for active devices such as organic photovoltaics, microdomains in a semicrystalline polyhydroxyalkanoate copolymer, as well as model pharmaceutical blend systems. The ability to obtain spatially resolved IR spectra as well as high-resolution chemical images collected at specific IR wavenumbers was demonstrated. Complementary measurements mapping variations in sample stiffness were also obtained by tracking changes in the cantilever contact resonance frequency. Finally, it was shown that by taking advantage of the ability to arbitrarily control the polarization direction of the IR excitation laser, it is possible to obtain important information regarding molecular orientation in electrospun nanofibers.
INTRODUCTION
I nfrared (IR) spectroscopy in the 2.5 to 20 lm (500-4000 cm -1 ) range (mid-IR) is a direct probe of the molecular vibrations in a sample. IR absorption spectra of organic compounds are often used to specifically identify chemical species. By combining microscopy and spectroscopy, chemical analysis can be done on a micrometer scale. Over the last several years, technology upgrades in optics (e.g., aberration correction and improvement of confocal microscopy) and in detection (e.g., better sensitivity of IR detectors and focal plane arrays) have improved the performance of microspectroscopy. [1] [2] [3] [4] [5] As such, IR microspectroscopy has become an attractive tool for polymer and life sciences.
One of the main limitations of conventional IR microspectroscopy, however, is spatial resolution. The optical diffraction limit along with other practical limitations has limited spatial resolution to the range of 3-30 lm, depending on the wavelength of light and instrumentation used. There is a compelling need to improve the lateral resolution beyond the diffraction limit in order to apply the power of IR spectroscopy at finer length scales for a wide range of materials. Several near-field approaches have been developed during the past 20 years to overcome this limitation. In many of these approaches, the sharp tip of a scanning probe microscope is used to sample and/or enhance the radiation interacting within a nanoscale region of a sample. Research advances in near-field optics have been numerous and exciting in the visible range, and in recent years were extended into the IR. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Although there is some very good work in IR, there are still significant challenges. The main issues are associated with the lack of broadly tunable IR sources and challenges associated with obtaining interpretable spectra. The spectrum that is measured in the near-field regime depends not only on sample absorption, but also on complex tip-sample scattering phenomena. 18 The observed spectral bands can be shifted with respect to expected absorption bands, and the shift depends on the sample, tip geometries, and tip position.
Therefore it is highly desirable to have a technique that can provide interpretable IR absorption spectra that are comparable to conventional IR spectroscopy techniques such as Fourier transform IR (FT-IR) spectroscopy. After several years of work in near-field IR optics with these different techniques, we developed, with our coworkers, another m ethod based on photothermal-induced absorption. The technique, called atomic force microscopy (AFM)-IR, 19 irradiates a region of a sample with light from a tunable IR laser and measures the resulting photothermal expansion of the sample with the tip of an atomic force microscope. The first experimental setup was established in the Centre Laser Infrarouge d'Orsay (CLIO) in the Laboratoire de Chimie Physique by using a free-electron laser as the tunable IR source. The AFM-IR instrument at CLIO has been used for the last five years, resulting in publications in different domains such as nanophotonics, [20] [21] [22] cellular biology, 23 and microbiology. [24] [25] [26] The AFM-IR instrument remains available for external scientific collaborations as a user facility at CLIO. In 2010, the American company Anasys Instruments, Inc., commercialized a version of AFM-IR 27, 28 by using a bench-top tunable IR laser, based on an optical parametric oscillator.
BASIC PRINCIPLES OF AFM-IR
In AFM-IR, the sample is placed on an IR transparent prism (e.g., ZnSe) and irradiated with a total internal reflection style illumination scheme, as shown in Fig. 1 . If the IR laser is tuned to a wavelength corresponding to absorption by the sample, the absorbed light induces a photothermal response in the sample. That is, the absorbed light is converted into heat, which results in rapid thermal expansion of the absorbing region of the sample. 19 The rapid thermal expansion pulse is then detected with the tip of an atomic force microscope. The thermal expansion signal detected by the AFM tip is directly proportional to the absorption coefficient of the sample (a complete derivation of this is given in the Appendix.) In brief, thermal expansion of the sample occurs only when molecular vibrations excited by absorbed IR photons from the tunable laser source return to their ground vibrational state though the transfer of energy in the form of heat to the lattice. Thus, the detection scheme is analogous to photoacoustic spectroscopy, except that the AFM tip and cantilever are used to detect and amplify the thermal expansion signal instead of a microphone in a gas cell. Because the signal detected in AFM-IR is in proportion to the sample absorption, absorption spectra obtained by the AFM-IR technique correlate very well to conventional IR absorption spectra collected in transmission. Using an AFM tip to detect the thermal expansion pulse is the key to measuring IR absorption below the conventional diffraction limit. The AFM tip can sense and map variations in thermal expansion from IR absorption to better than 100 nm spatial resolution. Further, the AFM detection sensitivity is sufficient to enable chemical identification of samples at a scale of tens of nanometers.
AFM-IR Setup Description. A schematic of the AFM-IR system is shown in Fig. 1 . The tunable IR laser light enters the IR transparent 458 ZnSe prism (internal reflectance element) at normal incidence. The laser light is entirely internally reflected at the interface between the prism and the sample for most organic materials, with a refractive index around 1.5. A standing wave, or evanescent field, is produced, which extends through the sample film to a distance on the order of the wavelength of light. Importantly, the total internal reflection conditions of the experimental setup reduce any background interaction of the tunable laser light directly with the AFM cantilever.
The tip of the AFM is in contact with the sample under study. With each laser pulse, the sample's thermal expansion induces a brief force impulse on the tip, inducing ringing at the AFM cantilever's resonant frequencies. The oscillation signal of the cantilever is recorded by reflecting a visible laser off the top surface of the cantilever and measuring its position with the four-quadrant detector of the AFM. The signal can be simultaneously analyzed via fast Fourier transform (FFT) to determine the amplitudes and frequencies of the cantilever vibrational modes. 29, 30 The raw cantilever ring-down signal usually contains multiple resonant frequency components. Measuring the amplitudes of the cantilever oscillation as a function of the source wavelength creates local absorption spectra. Typically, the height of the most intense cantilever ring-down peak in the FFT spectrum of the raw cantilever ring-down signal is measured for each wavelength as the laser source is stepped one wavelength at a time through the spectral region of interest. The IR spectrum is then obtained by plotting the laser wavenumber on the x axis versus the cantilever ring-down amplitude on the y axis.
Experimental Demonstration. Escherichia coli is a good test sample because of the average size of this bacterium (2 to 6 lm long, 1 lm wide, 500 nm high), and the absorption bands are known and assigned, for example, amide I at 1650 cm -1 , amide II at 1550 cm -1 , and DNA (phosphate backbone) at 1080 cm -1 . To prepare the surface of the prism, a large amount of bacteria were centrifuged and washed with distilled water to eliminate their nutritive environment. A suspension of bacteria was then deposited on the prism surface and heated at 30 8C to slowly evaporate the water. The final concentration of bacteria on the surface was typically 10 to 20 bacteria over 100 3 100 lm. By using this method, we obtained intact bacteria that kept their original shape. The absorption bands in the mid-IR were still present even when the bacteria were dried. After an AFM scan on the prism surface, we could select a single bacterium and make different analyses as a function of tip position and laser wavelength. Figure 2 shows some AMF-IR measurements on an E. coli cell. First, the AFM tip was positioned on the bacterium with a static force of around 10 nN. The laser wavelength was centered on the amide I band at 1650 cm -1 , corresponding to a strong absorption in protein.
After each laser pulse, we observed decaying oscillations with initial amplitude of~30 nm, which decreased with a time constant of close to 200 ls. The amplitude of oscillations (~30 nm) was always smaller than the static deflection (~300 nm at 10 nN of applied force), ensuring that the tip stayed in contact with the bacterium. One potential concern was the possibility that the cantilever could respond directly to IR light striking the cantilever, rather than by absorption of IR light by the sample. Such an effect was observed by Hill et al. when using an axial illumination system. 31 To test this possibility, the cantilever deflection was recorded outside the bacterium, keeping the laser wavenumber at the same value of 1650 cm -1 . In this case (Fig. 3) , we did not observe the background absorption seen by Hill; the measured cantilever deflection signal off of the bacterium showed only noise. This proves that cantilever oscillations are only excited by the bacterium expansion and not by absorption and heating of the cantilever. This illustrates an advantage of the total internal reflection approach in preventing unwanted stray radiation from striking the cantilever.
To test whether the expansion of the bacterium is really related to a specific absorption of bacterium, we tuned the laser wavenumber outside the amide I band to 1800 cm -1 (Fig. 4) and put the tip again on the bacterium. The signal showed a small oscillation, not more than 3 nm, which is in good agreement with the relatively small absorption of the bacterium at that wavenumber.
All these experiments have shown that the detected cantilever oscillation is excited by the photothermal expansion of the bacterium. As demonstrated in the Appendix, the amplitude of the cantilever oscillation is directly proportional to the IR absorption. One approach to quantifying the cantilever oscillations is to perform a Fourier analysis of the cantilever oscillation signal. An FFT of the cantilever deflection on and off an absorption band of the bacterium is depicted in Fig. 5 . FFT also makes it easy to notice that the thermal expansion pulse excites different cantilever oscillation modes. The strongest mode is the fundamental at a resonance frequency of around 62 kHz. Looking at the maximum of the first mode, we can quantify the amount of absorption in the two different cases. Figure 6 shows a comparison of an AFM-IR spectrum collected one wavenumber at a time by tuning the laser through the spectral region of interest with a conventional FT-IR spectrum of E. coli. While there is significant similarity in the spectra, note that the AFM-IR measurement is performed on a localized region of one bacterium, while the conventional FT-IR represents the average spectrum within a beam area consisting of millions of bacteria.
As mentioned previously, chemical imaging is also possible with the AFM-IR technique. The laser wavenumber is fixed at a value corresponding to a specific IR absorption band originating from a specific molecular vibration of a chemical functional group (e.g., 1660-cm -1 amide I, etc.), and the tip is scanned over the sample. The resulting map can show the spatial variation in absorption and hence spatial variation in the concentration of a specific chemical species. Figure 7 shows different chemical maps of E. coli for two different bands, amide I (at 1660 cm -1 ) and amide III (at 1240 cm -1 ), both characteristic of protein. The band at 1240 cm -1 could also contain some contributions from phosphate group absorbances (related to the DNA backbone). In this case, as both IR absorbance images are mainly because of protein, which is distributed homogeneously throughout the E. coli cell, the observed signals were roughly proportional to the AFM topography signal (i.e., related to the sample thickness). The 1660 cm -1 absorption was globally more intense than the 1240 cm -1 absorbance (ratio of 7:5), which is in good agreement with bulk IR spectroscopy. When the AFM tip was close to the border of the bacterium without touching it, there was no signal. This result illustrates the sensitivity and spatial resolution of the technique. With AFM-IR, it is apparently possible to detect an object with a size approaching a few tens of nanometers. The resolution limitation in the case of an isolated object on the surface is in fact the resolution of the tip itself and the sensitivity of the thermal expansion detection. In the case of non-isolated objects, thermal diffusion can limit spatial resolution.
APPLICATIONS IN POLYMER SCIENCE
AFM-IR is now being used in extensive applications in polymer science. A driving factor is the number and diversity of polymeric materials that incorporate micro-and nanoscale structure to achieve desired properties. Such materials include polymer blends, polymer composites and nanocomposites, and thin films used in both active devices and as passive barriers. This section outlines applications in many of these areas.
Correlation with Conventional FT-IR. One of the first major features of the AFM-IR technique for polymer applications is the strong correlation with measurements by conventional FT-IR spectroscopy. As shown in the Appendix, the signal measured by AFM-IR is directly proportional to the IR absorption coefficient for a material. As such, the absorption spectra are directly related to conventional IR spectroscopy measurements. Figure 8 shows a comparison of AFM-IR and FT-IR measurements on polystyrene, a common reference sample for IR spectroscopy. 32 Note the strong agreement between the two techniques for both the absorption peak positions and band shapes. This correlation allows spectroscopists to directly apply analytical techniques and expertise developed over the last 50 years or more, including the use of extensive material databases for the analysis and identification of unknown components. Databases are available, for example, with the IR spectra of many thousands of polymer compounds.
Improved Spatial Resolution. Another benefit of the AFM-IR technique is to provide spatially resolved measurements of IR absorption spectra on a scale many times smaller than the conventional diffraction limit. This is achieved by virtue of the fact that the AFM tip measures the IR absorption in the extreme near field. Although the IR laser spot might be limited in size by diffraction, absorbing regions that are smaller than the wavelength will still result in thermal expansions that are smaller that the laser spot size, as illustrated in Fig. 9 . The AFM tip can measure this thermal expansion and hence IR absorption with very high spatial resolution. Figure 10 shows the ability of the AFM-IR to clearly discriminate different materials on the basis of their IR absorption spectra on a length scale at least 30 times finer than conventional IR spectroscopy. The measurement in Fig.  10 shows a series of AFM-IR spectra taken at the center and edges of a polystyrene bead and just across the boundary in neighboring epoxy. The spectra change abruptly on a scale of around 100 nm.
Complementary Mechanical Stiffness Measurements. AFM-IR instrumentation can also be used to obtain complementary measurements of sample stiffness by recording the cantilever contact resonance frequency, as illustrated in Fig. 11 . When an AFM tip is in contact with a sample surface, it acts like a coupled spring system (Fig. 11A ), where the sample stiffness and damping can be considered similar to a springdashpot system. When the AFM-IR laser excites a thermal pulse in the sample, producing oscillations of the cantilever, the resonant frequency is higher on stiff samples and lower on soft samples (Fig. 11B ). The contact resonance frequency has an S-shaped dependence on the sample elastic modulus; a model curve is shown (Fig. 11C ) for a cantilever style often used in AFM-IR measurements. Measuring this contact resonance frequency as a function of position enables spatially resolved maps of sample stiffness to be generated. Figure 11D shows AFM-IR topography and contact resonance images at the interface between two polymer layers (nylon and an ethylene acrylic acid copolymer) in a multilayer film. Although the topography shows very little contrast, the contact resonance image clearly distinguishes the two polymer materials on the basis of differing elastic modulus. Figure 12 shows complementary measurements of topography, IR absorption spectra, an IR absorption map, and a stiffness map of another multilayer film. Multilayer films are exceedingly important commercially, being used in applications ranging from food packaging to adhesives to advanced display technologies for computers and mobile devices.
Organic Photovoltaics. The subject of organic photovoltaics is an area of intense international research, with a goal of high efficiency and low-cost generation of electric power. The AFM-IR technique was applied to bulk heterojunctions made of poly(3-hexylthiophene) (P3HT) and [6, 6] -phenyl-C 61 -butyric acid methyl ester (PCBM); an example measurement is shown in Fig.  13 . These measurements show spatially varying concentrations of P3HT and PCBM on the basis of characteristic peaks and peak positions associated with the constituent materials. Phase separation of PCBM and P3HT is commonly observed in such polyvinyl blends. In this example, a defect can be seen on the surface in Fig. 13 , which shows an AFM image of a heat-treated P3HT-PCBM sample. The methylene bending modes region. Similar spectra are obtained at the left and right edges of the bead. However, just 100 nm across the boundary into the epoxy, very different spectra are obtained, characteristic of the absorption spectra of the embedding epoxy. Conventional IR spectroscopy at this wavelength (~3 lm) would have a practical spatial resolution limit of about one to three times the wavelength (depending on technique used), or around 3-9 lm.
Thus, a conventional IR microspectroscopy measurement would provide at best spatial resolution equal to the bead size. The approximate spatial resolution of the AFM-IR technique (~100 nm) is shown by the size of the small red square.
at 1444 and 1432 cm -1 correspond to P3HT and PCBM, respectively. The 1444 cm -1 band also contains a contribution from an overlapping-ring, semic i r c l e s t r e t c h i n g m o d e . T h e corresponding spectrum for the yellow hash mark appears to have both components. At the outer ring (red mark, spectrum 1), the peak at 1732 cm -1 (PCBM) is small, and the component at 1444 cm -1 (P3HT) dominates. At both green and purple hash marks (spectra 3 and 4), the band near 1432 cm -1 is mainly contributed by PCBM. Finally, the sharpness of the band at 1432 cm -1 and a stronger 1732 cm -1 signal suggest the lobe at the center is mostly PCBM. By combining the AFM and IR into a single instrument, the topological information is readily correlated with the local chemical analysis. The above data suggest there is local phase separation. Figure 14 shows a proprietary multicomponent polymer blend. Blends with micro-and nanoscale-sized polymer domains are increasingly common. Often different combinations of polymers are used to achieve desired strength, toughness, and other performance criteria for a specific application. AFM-IR can reveal the spatial distribution of these polymer components and chemically identify polymer constituents.
APPLICATIONS IN MICROBIOLOGY
Location of Poly(hydroxybutyrate) Produced by Rhodobacter capsulatus.
26 Poly(hydroxybutyrate) (PHB) belongs to the class of polyesters and has been used for several years for the production of plastics having similar mechanical and thermoplastic properties to those of polyethylene and polypropylene, but with the advantage of biocompatiblity, making it a renewable resource. Rhodobacter capsulatus is a purple, non-sulfur, photosynthetic bacterium that produces PHB for energy storage. [33] [34] [35] Bacterial PHB is stored in vesicles of variable size, which are degraded by the bacterium when its nutritive resources become limiting. The presence of PHB can be probed in the mid-IR region by detecting one specific absorption band at 1740 cm -1 because of the ester C=O stretching vibration, which is easily distinguishable from other bacterial bands (e.g., amides I and II at 1660 and 1550 cm -1 respectively). 36 Many studies have been conducted on the characterization of PHB by using different vibrational spectroscopic techniques (e.g., Raman, FT-IR). However, these methods often require prior extraction of PHB 37 and do not allow an in situ study because of the lack of resolution in imaging. The AFM-IR technique allows the study of PHB directly in the cell without extraction or complex sample preparation. R. capsulatus wild type was grown under classical conditions. The cell suspension was spun down by centrifugation at 1000 rpm for 15 min. The supernatant was removed, and the pellet was diluted in distilled water. A drop of the solution was deposited on the ZnSe prism for AFM-IR studies or on ZnSe glass for FT-IR and dried at room temperature for 20 min.
The top panels in Fig. 15 display the AFM topography of R. capsulatus. The variations in height are given a redyellow color code, where the maximum is represented by the yellow. The bottom panels represent the amplitude distribution of the cantilever fundamental mode, with the laser wavenumber tuned at 1740 cm -1 , which corresponds to the chemical cartography of ester C=O stretching vibration (specific band of PHB), on a rainbow scale. The scale indicates increasing absorption when the signal shifts from purple to red. On all maps, round red areas are apparent. These domains correspond to PHB granules inside the bacterium (Figs. 15d through 15f). On each map, it is possible to estimate the size of granules by taking the width at half height. 26 For a dozen measurements, we observed round shape sizes in the range of 100 to 400 nm, which is consistent with the transmission electron microscopy (TEM) studies of the same culture made jointly. 26 Figure 15d reveals a 210 nm diameter round granule and, and an oval-shaped one only 50 nm across (top of the image). This oval shape could correspond to an alignment of small vesicles initially produced by the bacterium membrane. 38 Figure 15e shows one bacterium with, and another without, a PHB vesicle. This suggests that under these growing conditions, all R. capsulatus cells do not necessarily produce PHB. The PHB-to-bacteria volume ratio is low by looking at our chemical mapping. This is in good agreement with the FT-IR spectrum of the bacteria culture (Fig. 16a, green curve) , where the ester carbonyl band appears as a shoulder on the amide I band. Figure 15f (zoom of Fig. 15e ) shows more clearly that the absorbing area is in fact composed of two adjacent vesicles of different sizes.
One must be careful when interpreting AFM-IR chemical images alone, because the contrast can come not only from IR absorption, but also from thermomechanical artifacts because of the sample mechanical properties. To prove that the mapping contrast really results from chemical differences, we recorded the spectroscopic response of the one vesicle and compared it with the FT-IR spectrum of the bacteria culture in Fig. 16 .
The spectrum on a single bacterium (in red in Fig. 16a ) was measured by positioning the tip of the AFM directly on the maximum of the signal by using the chemical mapping of PHB (as indicated by point A in Fig. 16b ). We observe an intense PHB ester carbonyl stretching band (centered at 1740 cm -1 ), whereas the amide I band at 1660 cm -1 appears weaker. As the tip is positioned directly over the vesicle, there is no amide I IR absorbance signal. However, there are many proteins surrounding the PHB vesicle, which can generate a small response in the amide I spectral region. Concerning the C=O stretching band of the ester, we obtained a clear signal demonstrating that PHB is almost certainly responsible for the hot spots observed on the 1740 cm -1 maps shown in Figs. 15 and 16 . The second spectrum (B) shown in Fig. 16a was recorded by positioning the tip at point B in Fig. 16b at the border of the vesicle indicated in the 1740 cm absorption image. The spectrum shows a better signal for the amide I that is similar to the FT-IR spectrum of the bacteria culture (Fig. 16a in green) . The intensity of the PHB C=O ester band in that case has decreased compared with position A, which is consistent with the PHB chemical mapping. When the tip is moved to position C (Fig.  16b) , out of the vesicle, the AFM-IR spectrum does not show the C=O band (in violet, Fig. 16a ). The behavior of the spectra is in good agreement with the contrast of the chemical mapping. This confirms that the AFM-IR technique gives us realistic mapping and IR spectra at spatial resolutions ,100 nm.
Characterization of Microdomains in Poly(hydroxyalkanoate) Copolymer Films. As described above, polyhydroxyalkanoates (PHAs) are a class of polyesters that can be accumulated as energy-storing granules in the cells of certain microorganisms such as R. capsulatus. A reason one of the most common PHA polymers, PHB, has not proven a feasible polyolefin replacement is because the material is stiff and brittle because of its high degree of crystallinity, and it can become thermally unstable during processing. This shortcoming has led to efforts to copolymerize PHB with other co-monomers to improve its mechanical properties. [39] [40] [41] Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) [P(HB-co-HHx)], with a melting temperature of 110 to 160 8C and 35 to 45% crystallinity, is a typical available grade, and its morphology was explored using AFM-IR. 32 Thin films of P(HB-co-HHx) were studied in the bulk by IR transmission spectroscopy in an attempt to understand how a thermally induced phase transition affects the molecular structure of the material. 42 Significant spectral changes were observed in both the carbonyl ester stretching region (1770-1670 cm -1 ) and the C-O-C backbone stretching region (1400-1200 cm -1 ). The spectral changes observed as the temperature was increased from 30 to 140 8C clearly reflected changes in the polymer conformational structure. 42 Akin to polyethylene and polypropylene, P(HB-co-HHx) materials are semicrystalline, which means films formed from them usually contain both crystalline and disordered (amorphous) domains at room temperature. The size and morphology of the resulting microdomains depend critically on the processing conditions used to form them, as well as the sample history. Conventional FT-IR microspectroscopy typically does not have the ability to spatially resolve and spectrally identify individual microdomains. Figure 17 shows an AFM topography image of a 450 lm-thick P(HB-coHHx) sample film, whereon an AFM tip heated to 350 8C was brought to within 3 lm of a spot slightly above and left of the center of the image for 90 s. The heated tip produced a ''hole'' in the sample film, as indicated by the dark area in the image. A series of 42 individual AFM-IR spectra were collected after the sample cooled back to room temperature, along the line shown. 32 The spectrum recorded at position 24, just to the right of the hole produced by the heated tip, represented the most well-ordered (crystalline) environment of the carbonyl functional group. Figure 18 shows a stack plot of the expanded regions of the AFM-IR spectra between 1770 and 1670 cm -1 (left) and between 1400 and 1200 cm -1 (right) of spectra 24 to 36. 32 The spectra in the carbonyl stretching region (left) indicate the presence of three bands, two overlapped bands at 1720 cm -1 , and a third broader band at 1740 cm -1 . It is clear that the carbonyl intensity is gradually shifting from the two overlapped bands at 1720 cm -1 to the broader feature at 1740 cm -1 as one progresses from spectrum 24 to 36. This spectral progression provides insights into how this polymeric system recrystallizes after the heated AFM tip produced a nucleation site in the sample film. The most crystalline structure, as indicated by the carbonyl band, appears at the edge of the heated area, and the sample apparently becomes progressively more disordered as a function of distance from this point in a direction away from the nucleation site. The corresponding changes in the C-O-C backbone stretching region near 1276 cm -1 are much more dramatic and more difficult to unambiguously interpret at the molecular level. It is intriguing that the behavior of the of the C=O region AFM-IR band-shape change relative to the C-O-C backbone region band-shape change is exactly opposite of the bulk IR measurements recorded as a function of temperature. 42 This suggests that collecting a bulk IR spectrum at higher temperature might not necessarily be representative of the situation in a non-crystalline region of a particular microdomain at room temperature. Thus, the ability to record IR spectra at sub-micrometer spatial resolutions could revolutionize the way we think about the molecular conformations in microdomains of semicrystalline polymers.
MISCIBILITY IN PHARMACEUTICAL BLEND FORMULATIONS
Determining the extent of miscibility of amorphous components is of great importance for certain pharmaceutical systems, in particular for polymer-polymer and polymer-small molecule blends. For amorphous solid dispersions, where an amorphous drug is intimately mixed with a polymeric carrier, formation of miscible systems is desired as it increases the physical stability of the system. Two model systems for polymer-polymer 43 and drug-polymer 44 miscibility were examined and are reviewed below. Dextran-Poly(vinylpyrrolidone) Blends. Blends of dextran (DEX) and poly(vinylpyrrolidone) (PVP) have been used extensively as model systems for the study of polymer-polymer miscibility. The miscibility characteristics of a set of 50:50 (wt/wt) polymer blends composed of PVP and DEX of varying molecular weights were investigated. 43 Although differential scanning calorimetry (DSC) is usually considered the standard technique for evaluating miscibility behavior in pharmaceutical blends, a number of issues have been identified with the technique over the years. Typically, a single glass transition (T g ) is expected for a miscible blend, but sometimes identification of all glass transitions in a thermogram can be difficult in cases where the pure components of a mixture have very similar T g values. In addition, a minimal domain size (e.g., 10 to 50 nm for polymeric blends) is typically required for phaseseparated domains to produce distinguishable T g events. 45 , 46 The width and/ or heat capacity changes associated with a glass transition event might also be too broad or weak to allow for its identification.
One particular 50:50 PVP-DEX blend system is presented here to illustrate the power of AFM-IR to provide spatially resolved insights into the morphology of the blend. 43 Specifically, PVP90 (MW = 1-1.5 MDa) and DEX40 (MW = 40 kDa) were prepared by mixing equal amounts of 10% (wt/ vol) aqueous solutions of the pure components. This particular blend system was determined to be immiscible by DSC. A thin film was formed on the surface of a ZnSe prism by spin coating 100 lL of the polymer blend solution for 20 s at 3100 rpm, which was subsequently evaluated by nanoscale mid-IR spectroscopy by using a nano-IR TM AFM-IR instrument (Anasys Instruments). All data were obtained in contact mode with a three-lever cantilever (CSC37-ALBS, Mikromasch, Tallin, Estonia). The IR laser produced 10 ns pulses at a repetition rate of 1 kHz. The power levels incident on the ZnSe prism were~0.5 mW, and the focused laser spot size was about 50 lm at the sample surface. Local spectra were collected over a 1200 to 1800 cm -1 spectral range by using a data point spacing of 4 cm -1 and the spectral resolution as determined by the laser line width was~8 cm -1 . A total of 128 scans were co-added for each data point in a given spectrum. IR images of the DEX40-PVP90 system were collected at both 1280 and 1350 cm -1 , with a contact frequency of 137 kHz and a width of 20 kHz. The images 25 3 15 lm 2 presented correspond to an array of 512 3 64 measurements. Thus, the spacing between points was about 50 nm on the x axis and about 225 nm on the y axis. Once again, a total of 16 cantilever ring downs were co-added at each spatial location. The raw data of the spectral images were further processed with Gwyddion (version 2.19, http:// gwyddion.net/). Ratio images were constructed by dividing the intensities of the map obtained at 1280 cm -1 by those collected at 1350 cm -1 . Standard AFM imaging confirms the formation of a phase-separated blend (Figs. 19A through 19C ), in agreement with the DSC results. 43 Discrete domains with diameters of 5 to 10 lm are distributed within a thinner continuous phase (Figs. 19A and 19B) . The continuous phase also contains smaller, discrete domains with diameters ranging from about a few hundred nanometers to a few micrometers (Figs. 19B and 19C) . Nanoscale mid-IR spectral measurements performed at select locations are shown in Fig. 19B . These spectra (Fig.  19D) show that thicker, DEX-rich discrete domains are distributed in a PVP-rich continuous phase. Figures  20A through 20F show IR images of the same DEX40-PVP90 sample collected with the fixed laser wavenumbers of 1280 and 1350 cm -1 . 43 These wavenumbers were selected because pure DEX absorbs more strongly at 1350 cm -1 than it does at 1280 cm -1 , while the opposite is true for PVP. The image generated by evaluating peak intensity variations at 1280 cm -1 (Fig.  20B) shows higher intensities for the continuous phase, while in the 1350 cm -1 image (Fig. 20C) , the discrete domains have higher intensities. 43 These results are consistent with the formation of DEX-rich domains within a PVP-rich continuous phase. As local topography and mechanical properties can also influence the spectroscopic intensities measured in single-wavelength images, it is good practice to confirm the interpretation by generating ratio images. 43, 44 When the ratio image of 1280:1350 cm -1 (shown in Fig. 20D ) is compared with the topographical image in Fig. 20A , it is once again clear that the large discrete domains correspond to a DEX-rich phase, while the continuous phase is rich in PVP. Figures  20E and 20F show the topographical and ratio images of the upper left-hand corner of Figs. 20A through 20D, with additional magnification. 43 It is clear that the sub-micrometer-sized discrete domains present in the continuous phase have lower band ratios (blue regions) compared with those of the continuous phase, indicating that these smaller discrete domains are also DEX rich Felodipine-Poly(acrylic acid) Blends. The state of dispersion of an active pharmaceutical ingredient (API) in a polymeric carrier can have a major impact on its release kinetics, strongly influencing the effectiveness of the drug. Dispersions of APIs with polymers can be on a molecular, nanometer, or micrometer scale, or some combination thereof. Manufacturing conditions and formulation variables are important factors influencing the polymer and drug domain sizes and phase behavior. In addition, the state of drug dispersion can change over time, either during storage or on drug release. 44 A model drug-polymer blend system composed of felodipine and poly(acrylic acid) (PAA) was examined with AFM-IR. 44 When prepared as an amorphous solid by solvent evaporation, felodipine has relatively low crystallization tendency; 47, 48 therefore, it serves as a good model compound to evaluate drugpolymer miscibility, because it can be assumed that the drug will remain amorphous. PAA is an amorphous polymer that does not crystallize. This particular drug-polymer combination appears to be miscible at low and high polymer concentrations, but phase separation is observed at intermediate compositions. 44 An AFM height image and local nanoscale mid-IR spectra obtained on a 50:50 (wt/wt) felodipine-PAA blend system are shown in Fig. 21 . 44 The average thickness of the film was approximately 570 nm. Locations where spectra were taken are marked on the images and correspond to discrete domains (1-4, marked in red) and the continuous phase (5-8, marked in green). As can be seen from the individual spectra (Fig. 21b ) and their averages (Fig. 21c) , clear spectral differences can be observed, depending on the region of the system probed, particularly when comparing the intensity of the peak at around 1700 cm -1 with that found at 1500 cm -1 . 44 For the continuous phase, the peak at around 1700 cm -1 is the dominant peak in the 1200 to 1800 cm -1 spectral region compared with the peak at 1500 cm -1 . For the discrete domains, peak intensities at 1500 cm -1 tend to be somewhat higher than those obtained at 1700 cm -1 . The IR bands at 1500 and 1700 cm -1 were selected for imaging purposes because of their ability to discriminate between the felodipine and PAA components of the bend. Figure 22 shows images collected with the tunable laser source tuned to these two wavenumbers. 44 Good correspondence is observed between the image obtained at 1500 cm -1 (Fig. 22b) and the topographical image (Fig. 22a) . Rather than drawing conclusions based on measurements made at a single wavenumber, it is prudent to examine the relative differences in response by using images collected at multiple wavenumbers. Figure 22c shows an image generated by taking the ratio of the responses at 1500 and 1700 cm -1 . 44 The blue regions have a propensity to correspond to the PAArich continuous phase, while green and red regions correspond to the felodipine rich discrete domains.
MOLECULAR ORIENTATION IN ELECTROSPUN FIBERS
Electrospinning has established itself as an efficient technique to produce small-diameter (10 nm to 10 lm) polymer fibers. The fibers are fabricated from polymer solutions or melts by using an applied electric field. Many polymers were successfully electrospun, and their applications include composites, filtration systems, medical prosthesis, tissue templates, electromagnetic shielding, and liquid crystal devices. 49 Poly(vinylidene fluoride). There is considerable interest in electrospun fibers of poly(vinylidene fluoride) (PVDF) because of its piezoelectric and pyro-electric properties. Electrospun fibers of PVDF in the b phase were recently characterized by a variety of techniques, including by scanning electron microscopy, polarized FT-IR spectroscopy, TEM, and selected area electron diffraction. 50 The nanofibers in this case were collected on aluminum foil across a 10 lm gap in order to get them to align so polarized FT-IR measurements could be performed, as the width of an individual fiber was well below the diffraction limit of the IR light used to make the measurement. These measurements are important because they provide key information about the molecular orientation of the polymer chains within the fibers, which affects their properties. Without the capability to perform sub-diffraction-limited polarized IR spectroscopy on an individual nanofiber, it was necessary to collect polarized FT-IR transmission on a multiple fibers that were forced to be roughly aligned across the 10 lm gap. Although a useful compromise, the fibers were not all 100 percent aligned in exactly the same direction. This made it difficult to determine with certainty if any orientation relaxation that might have occurred in an electrospun fiber mat was because of fiber rearrangement or relaxation in the individual nanofibers.
Even though the laser source of the AFM-IR instrument is polarized in some direction, up to now, we have not taken advantage of this to add potentially valuable molecular orientation information to what was discussed so far in this review. For this PVDForiented nanofiber characterization study, a device enabling arbitrary angle, broad-band control of the polarization was added to the AFM-IR instrument (nano-IR, Anasys Instruments). Figure 23 shows two IR absorbance images on two roughly perpendicular electrospun PVDF fibers approximately 1 lm in diameter. The images were recorded with two different polarizations with the pulsed-laser illumination fixed at 1404 cm -1 , the wavenumber of one of the stronger PVDF absorption bands. The results clearly indicate that the electric dipole-transition moment of this IR band, due to CH 2 wagging and C-C anti-symmetric stretching vibrational motions, was aligned along the fiber axis. Figure 24 shows two polarized AFM-IR spectra (bottom) collected from the same single location on one of the fibers shown in Fig. 23 . For comparison, two averaged-polarized FT-IR spectra of multiple aligned fibers are shown at the top of Fig. 24 . The excellent agreement between these two measurements demonstrates that we should now be able to use AFM-IR spectroscopy to examine the molecular structure and orientation at multiple locations on individual nanofibers.
CONCLUSION
We have demonstrated the broad utility of the AFM-IR technique in the material and life sciences. We showed that there is excellent agreement between AFM-IR and conventional IR spectroscopy measurements, allowing significant leverage of existing expertise in IR spectroscopy. In addition, we showed how the AFM-IR technique can be used to acquire IR absorption spectra and absorption images with spatial resolution on the 50 to 100 nm scale versus the scale of many micrometers or more for conventional IR spectroscopy. This review also summarizes several applications of AFM-IR in the life and polymer sciences. In the life sciences, experiments demonstrated the ability to perform chemical spectroscopy at the sub-cellular level. Specifically, the AFM-IR technique provides a label-free method for mapping IR-absorbing species in biological materials. On the polymer side, AFM-IR was used to map the IR absorption properties of polymer blends, multilayer films, thin films for active devices such as organic photovoltaics, microdomains in a semicrystalline polyhydroxanoate copolymer, as well as model pharmaceutical blend systems. The ability to obtain spatially resolved chemical spectra as well as high-resolution chemical images collected at specific IR wavenumbers was demonstrated. Complementary measurements mapping variations in sample stiffness were also obtained by tracking changes in the cantilever contact resonance frequency. Finally, it was shown that by taking advantage of the ability to arbitrarily control the polarization direction of the IR excitation laser, it is possible to obtain important information regarding molecular orientation in electrospun nanofibers.
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APPENDIX: MATHEMATICAL MODEL OF AFM-IR
In this section, we outline the basic theory of the signal detected in AFM-IR. The section below includes a discussion of the following steps:
Absorption of IR light by the sample Generation of heat in the sample and resulting temperature rise Thermal expansion pulse of the sample Excitation of cantilever resonances from the thermal expansion pulse Extraction of cantilever amplitudes at specific resonant modes
The bottom-line of this analysis is that the amplitude of cantilever oscillation at any IR wavelength is directly proportional to the sample absorption coefficient at that wavelength. It is this underlying link that allows the AFM-IR technique to provide IR absorption spectra very well correlated to conventional IR spectroscopy.
Absorption of IR Light by the Sample. Spectroscopy studies interactions of a material with an incident wave as a function of wavelength (or equivalently, energy or frequency). In the mid-IR range (500 to 4000 cm -1 ), the energy of the electromagnetic waves usually corresponds to molecular vibrations. From an optical point of view, materials are characterized by their complex optical index:
where k is the wavelength, n(k) is the real refractive index, and j(k) the imaginary component of the index is the extinction coefficient. The wavelength dependence of n(k) represents the optical dispersion of a material, while j(k) corresponds to the absorption. We focus on the wavelength dependence of the absorption, which serves as the foundation of IR absorption spectra. When IR radiation impinges on a sample, the electric field of the electromagnetic wave can be absorbed by a molecule in its path if the radiation frequency matches that of a natural vibrational frequency and induces a dipole moment change in the molecule as a result of the interaction. When molecular vibrations are excited because of absorption of a portion of the incident radiation into a higher vibrational state, heat is produced in the sample matrix when the excited molecules return to their ground vibrational state. The degree of absorption comes from the imaginary part of the dipolar susceptibility of the molecular vibration. The principle of spectroscopy is to measure the intensity of the radiation transmitted through the sample as a function of the wavelength. In the IR spectral range, it is more common to use ''wavenumber'', (a measure of the radiation frequency) instead the wavelength. If we consider a homogeneous layer of a medium with thickness z and complex optical index n(k), illuminated by an electromagnetic plane wave, the transmitted intensity can be given by the Beer-Lambert Law as (neglecting the index mismatch reflections at the interfaces):
where I inc is the incident intensity, r the wavenumber, and j the extinction coefficient. The transmittance coefficient, T, is defined by the ratio of the transmitted and the incident intensity:
It is convenient to convert this to an absorbance coefficient, A, which directly gives the variation of the absorption bands as a function of wavenumber:
rjðrÞ ðA4Þ
This simple expression shows that the absorbance is in fact the representation of the extinction coefficient multiplied by the wavenumber. This also means that to make usable spectra with a nearfield technique, the microscope will have to measure only the imaginary part of the refractive index. Generation of Heat from IR Absorption and Resulting Temperature Rise. The absorption of the light by a material leads to an increase in its temperature. The evolution of this heat can be easily described by Fourier's Law:
where q is the density, C the heat capacity, k the heat conductivity, V the volume, Q(t) is the absorbed heat, and D the Laplace operator. The full mathematical treatment of IR light interacting with an arbitrary shape is complex. In another publication, 51 this subject is treated in more detail. In this review, we provide a simplified approximation that gives the same basic results. If we assume that the intensity of the laser is uniform over the absorbing region of the sample near the atomic force microscope tip and the sample thickness (z) is much smaller than the wavelength, then the power absorbed P abs can be derived from Eq. A2 as:
where V is the volume of the absorbing object.
For the sake of simplicity, we consider only the case where the pulse duration (t p ) is shorter than the thermal relaxation time of the object. In this case, the heat influx from the IR absorption dominates the heat, leaving the absorber. Moreover, we assume that the heat is absorbed homogeneously inside the object (no temperature gradient). Thus, the increase in temperature during the illumination can be derived from Eq. A5 and becomes:
where C is the sample heat capacity, q is the density, and V is the volume. From Eq. A7, we can define T max , the maximum temperature increase of the sample, as:
When the laser pulse ends, the source of heat disappears and the sample cools. Analytical solutions of the Fourier Eq. A5 are generally possible only for simple geometries, such as a sphere or thin layer. The complete solution for an isolated sphere was treated by Dazzi et al. 51 Even if the temperature behavior cannot be expressed analytically in all cases, it is possible to use finite-element software to find ''empirically'' the physical law. Comparing solutions for three different cases-isolated sphere, deposited cube on a surface, and deposited hemisphere on a surface (Fig. A1 )-we can conclude that the temperature decay at the end of the pulse follows the same law:
where s relax is the key factor necessary to describe the heat diffusion of the sample. The relaxation time (s relax ) depends strongly on the environment of the sample and on its size:
where a is the size of the sample (radius or characteristic length): k eff = 3k ext and p = 2 for the case of an isolated sphere, with k ext being the heat conductivity of the surrounding media; k eff = a 1 k ext þ b 1 k surf and p = 1.98 for the case of deposited cube on a surface, with k surf being the heat conductivity of the surface and k ext the heat conductivity of the surrounding media; and k eff = a 2 k ext þ b 2 k surf and p = 1.989 for the case of deposited hemisphere on a surface, with k surf the heat conductivity of the surface and k ext the heat conductivity of the surrounding media.
To summarize this section, we can conclude that the behavior of temperature (Fig. A2) when the laser pulse is shorter than the sample time of relaxation because of photothermal absorption can be expressed as:
With this theoretical approach, it is easy to understand why the estimation of the increase of temperature (or T max ) is also a way to measure the absorbance of a sample. All physical phenomena are linear, allowing us to keep the proportionality. The maximum increase in temperature is proportional to the power absorbed by the sample, which is proportional to the absorbance. Sample Thermal Expansion. When the temperature increases in the body of a material, this leads to the increase in the internal stress, resulting in thermal expansion. The temperature field inside the sample is equivalent to a force field, resulting in deformations that depend on the thermomechanical properties of the sample. An expression that links displacement as a function of the temperature is:
where m is the Poisson coefficient, u is the displacement vector, T is temperature, and a T the thermal expansion coefficient. As for the Fourier Law Eq. A5, the analytical solutions for such an equation are only possible for simple cases with high order of symmetry. With the same idea as the previous section, we studied three different cases (sphere, cube, and hemisphere) by finite element analysis and found that the law of expansion can be written as:
where B is a constant depending on the geometry case (sphere, cube, and hemisphere). The interesting point of Eq. A13 is that it shows the displacement field (u) directly follows the timedependent temperature (in the case of a non-viscoelastic material). Excitation of Cantilever Resonances from the Thermal Expansion. The AFM-IR technique measures the thermal expansion resulting from IR absorption by using the tip of an atomic force microscope probe. The rapid thermal expansion creates a force impulse on the tip that results in oscillation of the cantilever at its contact resonance frequencies. To estimate the reaction of the cantilever when the expansion occurs under the tip, we need to go back to the Euler-Bernoulli beam equation:
where E is the cantilever Young modulus, I the area moment of inertia, q the density, S the cross section, c the damping, and W the external mechanical source of motion. The cross section is S = we and the area moment of inertia I = we 3 in the case of a rectangular beam, where w and e are the width and thickness, respectively. The x coordinate describes the longitudinal direction, and z represents the deflection of the cantilever (Fig. A3) . The tip contact on the sample is modeled by two spring constants, k x (lateral) and k z (normal). The cantilever length is L with the clamped extremity at x = 0 and the tip positioned at x = L -dx (Fig. A4) .
The general harmonic solution of the Eq. (A14) is: zðx; tÞ ¼ gðxÞhðtÞ ð A15Þ
where gðxÞ ¼ A½cosðbxÞ þ coshðbxÞ þ B½cosðbxÞ-coshðbxÞ þ C½sinðbxÞ þ sinhðbxÞ þ D½sinðbxÞ-sinhðbxÞ and h(t) = exp (ixt), with b being the wave vector and x the complex angular frequency.
The boundaries conditions of the cantilever imposed by the clamped end and the tip contact can be cast in the form:
where M is the bending moment and F z the reaction force at the lever end. The expression for F z is found if we consider the deflection g(L) at the end of the lever. The reaction force of the surface is opposite to the displacement at the end of the lever, leading to
, where k z is the vertical spring constant associated with the linear approximation for a small vibrational amplitude. The
À Á x¼L can also be found in relationship to the moment induced by the lateral displacement of the tip by knowing the lateral spring constant k x and the tip height H (Fig. A4) . Substituting the expression for F z and M into Eq. A16 and using the modal expression of g(x), we obtain the eigenvalue equation of the vibrational modes: This eigenvalue equation is the most general equation for vibration of the cantilever. If the tip is free (k x = 0 and k z = 0), we find the common equation of modes for a free cantilever 1 þ cos x cosh x = 0. 53 In the AFM-IR technique, the cantilever tip is kept in contact with the sample by the initial load force. The usual values of the cantilever spring constant k c employed in contact mode are very small (from 0.03 to 0.2 N/m) compared with the spring constant k z of the tip-sample contact (around 10 5 N/m), so that the parameter V tends to 0. Moreover, we checked that if we supposed no indentation (V = 0), the calculated values of frequencies by the finite element method were in good agreement with those measured experimentally. 30 We denote this specific configuration ''contact resonance''. This approach is similar to that used by Yuya et al. 54 for contact resonance of visco-elasticity, but in our case, the tip could move laterally and was not allowed to produce indentation into the sample.
As a result, the general eigenvalue equation for the AFM-IR configuration is given by:
The spatial distribution of mode n in the case of contact resonance is described by: g n ðxÞ ¼ ½cosðb n xÞ-coshðb n xÞ -cosðb n LÞ-coshðb n LÞ sinðb n LÞ-sinhðb n LÞ ! ½sinðb n xÞ-sinhðb n xÞ ðA19Þ where b n is the wavevector of the modes solution of the Eigen Eq. A18. One can notice that the value of the mode depends on the value of the lateral stiffness. This property is interesting from a mechanical point of view, because the frequency of the mode will give us the stiffness of the sample. 51 This sort of analysis is equivalent to the phase imaging of the atomic force microscope tapping mode. 55 Combining chemical and mechanical analysis seems a potentially powerful approach for enhancing the ability of the technique to characterize small morphological structures.
In our particular case, the cantilever is excited by a source of motion that is the thermal expansion. The corresponding equation of motion can be written as:
]z ]t ¼ Wðx; tÞ ðA20Þ
where W(x,t) is the mechanical source of motion, and where the general solution can be expanded as a sum over eigenmodes: zðx; tÞ ¼ P n P n g n ðxÞhðtÞ, where P n is the amplitude coefficient of the mode n.
The source term W(x,t) describes the variation of the force induced on the tip by the expansion of the object. We assume that the tip is rigid and transmits this change of force to the cantilever. The tip contact can be characterized by the spring constant k z , which depends on the impedance of the Young's modulus of the tip and the sample, and the radius of the tip, neglecting the sample curvature compared with the tip. 56 The force received by the tip is given by: FðtÞ ¼ k z uðtÞ ¼ k z aBa T TðtÞ ðA21Þ
The beam modes have a vanishing amplitude at x = L (Eq. A19). In this model, under the expansion of the object, the tip is not able to induce a direct displacement but creates a bending of the lever at x = L. Moreover, the angle between the lever and the surface is usually not null (Fig.  A4) . In order to account for this behavior in the source term, we split the force into two (normal and lateral) components that are applied at a point x = L -dx, with dx ,, L. The normal component is F norm (t) = F(t) cos (a), and the lateral one is F lat ðtÞ ¼ FðtÞsinðaÞ H dx . Therefore, the source term is given by: The signal obtained by the fourquadrant detector, Q(t), is not the complete deformation of the cantilever but only its extremity deflection. It can be expressed as the integrated cantilever slope along the diameter D of the laser diode spot on the cantilever: Most of the time, the duration t p of the laser pulse is short (1 to 20 ns) considering the time response of the cantilever (15 to 40 ls). Applying classical cantilever parameters used to make contact and polymer stiffness imagery to model the sample, the theoretical oscillation of the lever is shown in Fig. A5 . We clearly see several oscillations of different periodicity that decrease until 600 ls. This suggests that this analytical approach is sufficient to
FIG. A5. Temporal response Q(t) of the
cantilever excited by a temperature increase generated by pulse laser of 1 ns.
